In this study, the effect of graphene content on quasi-static and fatigue mechanical properties of basalt fiber reinforced polyamide 6 is investigated. Hybrid composites and reference monocomposites were melt compounded, and then specimens were injection molded. Although the presence of graphene caused moderate change in quasi-static tensile properties, remarkable increment in the fatigue properties of hybrid composites was experienced. Hybrid composites with low graphene content withstood higher number of cycles in fatigue tests at the same loading compared to basalt fiber reinforced monocomposites. Scanning electron microscopy of the fracture surfaces revealed proper dispersion of reinforcement in the hybrid materials, an explanation to the better fatigue performance at lower graphene contents.
Introduction
Performance improvement is one of the most important criteria when a novel polymer composite is developed for engineering applications. Although traditional, twophase composites are still being developed, more and more researchers think that using an additional third phase might be an effective way to increase the mechanical performance of a composite or endow it with functional properties. This third phase can be another matrix or a reinforcing material. In the first case, the main goal is often to create a co-continuous phase and this way energy consumption during fracture process could be enhanced. In the second case, where two different reinforcing materials are present, the aim is to increase the strength and the stiffness of the material. Besides microfibers, various types of nanoparticles are widely applied as secondary reinforcing materials. [1] [2] [3] [4] [5] [6] In the last decade, the appearance of graphene presented challenges for researchers in the field of composites, too. Beside the unique electrical and thermal properties, graphene has the greatest tensile strength and modulus among the known materials and it has extremely high aspect ratio. [7] [8] [9] [10] [11] [12] These superior properties make graphene a prominent alternative to increase the mechanical performance of polymers. [13] [14] [15] Due to its high specific surface, graphene especially tends to form aggregates, and that causes difficulties in the preparation of nanocomposites with graphene content. There are several methods developed for breaking up these aggregates, but the main problem is that they cannot often be adapted to industrial purposes. 16 A solution for the above mentioned problems could be found if the three raw materials (nanoparticles, microparticles and the matrix) are melt mixed together. Besides its simplicity, the main benefit of this process is that the presence of microfibers in the polymer melt increases apparent viscosity, therefore higher shear forces arise during processing, and in this way better nanoparticle dispersion can be achieved. [17] [18] [19] [20] The positive effects of conventional fiber reinforcement on fatigue properties of polymers are well known and deeply examined. More and more researchers think that at a fatigue test not just the fatigue life of a material is important but also the failure process itself, therefore researchers pay more attention to the investigation of fatigue crack propagation and failure analysis. [21] [22] [23] [24] [25] [26] The test parameters and conditions can also change the fatigue behavior of polymers, which is especially true for polyamides. For instance as polyamides are hydrophilic materials and the amount of the absorbed water affects the mechanical properties, therefore the water content also has significant impact on the fatigue properties. 26 The loading force applied during the fatigue test also change the cycle number connected the failure. The fatigue life can also be connected to the temperature and the modulus of the material as Esmaeillou et al. 27 demonstrated for glass fiber reinforced polyamide matrix composites. They found that the fatigue process during loading of polyamides can be divided into three parts. In the first part, the relative Young's modulus decreases intensively and temperature increases gradually until it exceeds the glass transition temperature of the material. Then in the second part, both the temperature and the relative modulus are approximately constant. In the third part, temperature increases and relative modulus decreases again until failure. At higher load levels the second and the third part become less remarkable and gradually disappear by further load increment. This is why it is important to choose appropriate loads and to make thermal investigation of the material during a fatigue test.
There are several studies about the effect of nanoparticles on fatigue properties. Generally it can be stated that if adhesion between the matrix and nanoparticles is proper, nanoparticles can hinder crack propagation, and as a result longer fatigue life is achieved. 28, 29 For instance, Loos et al. 29 found that fatigue life of carbon nanotube (CNT) reinforced epoxy composite is higher than that of the neat matrix at each load level applied. Scanning electron micrographs indicated that the key mechanism of enhanced fatigue life is crack-bridging and pull-out mechanism of CNTs, as these phenomena increase the absorbed energy during the fracture process.
The fatigue properties of hybrid composites are less investigated, however there are some studies about the positive effects of reinforcing material hybridization on the fatigue behavior of composites. [30] [31] [32] From the quasi-static mechanical properties point of view it is acknowledged that the nanoparticles increase the strength and the modulus of hybrid composites. Beside the fact that the nanoparticles themselves can change the performance of the matrix they can act as stress distributors. Other studies explain the increased mechanical performance by demonstrating that the nanoparticles appear in the microfiber-matrix boundary phase and help in the stress transfer between the phases. Whichever mode of action is dominant, the results should appear also in increased fatigue properties. [33] [34] [35] [36] Grimmer and Dharan 30 investigated the fatigue life of CNT and glass fiber reinforced epoxy matrix hybrid composites. The presence of a relatively low amount of CNTs reduced cyclic delamination and crack propagation in the material significantly. This effect was more remarkable at lower cyclic stress levels.
In one of our previous studies, 37 the effects of graphene on the elastic properties of polyamide 6 were presented via a special cyclic test, where load was increased in every cycle. This test makes it relatively easy to determine the deformation components (residual and elastic) at different load levels. It was showed that the presence of graphene efficiently decreased the residual deformation of nanocomposites at every load level, and that resulted in a higher rate of elastic recovery compared to the matrix material. As the presence of graphene increased the elasticity of the material, higher fatigue life could be expected not just for nano but also for hybrid composites.
The aim of the present study is to produce hybrid composites with graphene and basalt fiber content, and investigate their quasi-static mechanical and fatigue performances.
Materials and methods

Materials
Schulamid 6 MV 13 type polyamide 6 (PA 6) from A. Schulman GmbH (Germany) was used as matrix material. BCS KV02 type basalt fiber with silane sizing (BF) from Kamenny Vek Ltd. (Russia) was applied as micro-sized reinforcement. The initial length of the fibers was 6 mm and average diameter was 15.6 AE 1.9 mm. Graphene xGnP Õ Graphene Nanoplatelets-Grade H (GnP) were supplied by XG Sciences, Inc. (USA) and used as nano-sized reinforcement. Nanoparticles had an average thickness of 15 nm and the average particle diameter was 25 mm.
Sample preparation
A Labtech Scientific type twin screw extruder (L/D ¼ 44; D ¼ 26 mm) was used for continuous melt mixing. The screw speed was 25 r/min and the extrusion temperature was 250 C. For the different composites 30 wt% BF and 0.25, 0.5, 0.75, 1 wt% GnP were used. Dried PA 6 granulates (80 C; 4 h) were mechanically mixed with the reinforcing materials for 2 min, and every 5 min it was remixed for 10 s to avoid settling, then extruded and granulated (particle size: 4.5 mm). Dumbbell type specimens (1A type according to the ISO 527-2 standard) were injection molded on an Aurburg Allrounder Advance 370S 700-290 injection molding machine. The injection molding temperature was 275 C and the maximal pressure was 800 bar. The mold temperature was set to be 80 C.
Characterization methods
Before the mechanical tests, the specimens were conditioned at 50% relative humidity at room temperature for a month and then the temperature was set to be 25 C (beside the 50% relative humidity) for a further week. Tensile tests were performed on a Zwick Z020 universal testing machine according to EN ISO 527. The crosshead speed was 5 mm/min during tensile tests and five specimens were tested from each material.
The applied tensile speed influences the measured strength of polymers and polymer matrix composite. This is especially true for thermoplastic polymers. As at fatigue tests, the tensile speed changes relatively fast, high speed tensile tests have been carried out to assess a strength value in the test speed region where the fatigue tests are performed. Based on former experiments crosshead speed of 200 mm/min was chosen for high speed tensile tests and the results were the references to determine the load levels for fatigue tests. At this test also five specimens were tested from each material.
Fatigue tests were carried out on an Instron 8872 hydraulic tensile testing machine equipped with Instron 2742-301 type hydraulic grips. The tests were performed on five specimens for each load level. The load-controlled fatigue tests were performed under tension-tension load with sinusoidal waveform. The excitation frequency was 2 Hz in each case and the load factor was R ¼ 0.1 (R ¼ minimum stress/maximum stress). The test was finished when the specimen was broken or necking started. The temperature of the specimen surface was measured with a FLIR A325sc infrared camera. During the tests, the area of the whole surface was inspected and the highest temperature was registered.
The fibers were burned out from matrix at 600 C for 1 h, after the recovery the fiber length was measured by Olympus BX51 optical microscope. Fiber length distribution was determined from length data of ca. 1000 fibers.
The fracture surfaces of the broken tensile and fatigue tested specimens were investigated with a Jeol 6380 LA type scanning electron microscope (SEM) after sputtering them with a thin gold layer. Picture from perpendicular direction to the tensile axis was also made to determine the protruding length of the fibers.
To determine the length histogram at least 150 fiber were measured.
Results and discussion Tensile properties
The results of the tensile tests showed that in case of nanocomposites the presence of graphene did not cause a significant change in the tensile strength. Although in case of lower nanoparticle contents a moderate increment is noticeable, at higher contents the tensile strength showed lower values compared to the matrix material ( Table 1 ). The same tendency could be observed for Young's moduli. Elongation at break also decreased with the increasing filler content, hence the material behaved in a more rigid way in the presence of graphene. These results refer to inappropriate graphene dispersion in the matrix.
As it was expected, basalt fiber increased tensile strength significantly. In case of hybrid composites, there was no significant change in strength compared to the basalt fiber reinforced one, but graphene notably enhanced Young's modulus, and that refers to better nanoparticle dispersion.
In order to examine if nanoparticle dispersion was successful, SEM images were prepared from the fracture surfaces. Large aggregates could be found on the surface of nanocomposites (Figure 1a, b) , the average aggregate size was 75 mm. At higher graphene content only the number of aggregates increased but their size did not change. The results indicated unambiguously that theses aggregated particles were the starting points of fracture. In case of BF reinforced composites ( Figure 1c ) the characteristic failure form is fiber breakage, but fiber pull-out can also be observed. Nevertheless, adhesion between the matrix and the reinforcing material is strong enough, reflected in the enhanced tensile properties. In case of hybrid composites such large aggregates could not be found. As it was expected, the presence of micro-fibers helped to break up the large nanoparticle aggregates, and this way better dispersion could be achieved (Figure 1c ).
The positive effect of nanoparticles on Young's moduli and on the strength at 0.25 graphene content could be explained even by better fiber-matrix bonding or the stress distribution effects of the nanoparticles. To decide which effect was dominant, the fracture surfaces of tensile tested specimens were investigated. The measurement of protruding length of the fibers on the fracture surface is a feasible way to compare the evolved fiber-matrix adhesion at different composites as Vas et al. 38 showed. Figure 2(a) shows the fiber length distributions of fiber length at 30 wt% basalt fiber containing composite and its 0.25 wt% GnP containing hybrid. It can be concluded that there were no significant difference between the micro and hybrid composites fiber length after injection molding, that is why the protruding length can compared in case of these composites. The average protruding length (Figure 2b ) of the fibers was close to each other at the examined composites; the mean values were 104 AE 40 mm and 104 AE 36 mm. Based on these results it can be stated that the presence of graphene did not affect the fiber-matrix bonding. 
Fatigue tests
In this study, the low-cycle fatigue behavior of the materials is revealed. Low-cycle means that relatively high loads are applied during the tests ( Table 2 ). The tensile strength (s max ) measured at the crosshead speed of 200 mm/min for polyamide 6 was used as a reference to calculate the maximum stresses of different load levels for the PA 6 and its nanocomposites, and the tensile strength of basalt fiber reinforced composite was chosen for the PA 6/BF and its hybrids.
In case of PA 6 and its nanocomposites necking was meant, while in case of composites with BF content fracture meant the end of the fatigue test. load levels load levels shows the stress-number of cycles (S-N) curve for neat PA 6. As it was expected, fatigue life was higher at lower load levels. The most significant change was between 75% and 70% load levels, where the cycles to failure increased from 400 to 23,500.
To examine the structure-property relationships during fatigue tests, the instantaneous elongation and the maximum temperature of specimens were registered in each cycle. Figure 4 shows the elongation-determined as the ratio of specimen deformation at the mean stress value and the initial length in each cycle-and the temperature of neat PA 6 specimens as a function of cycle number measured at 70% load level. In the first period, temperature and elongation increased relatively fast (between 100 and 500 cycles). Afterwards the temperature stabilized at a nearly constant value, and deformation increased less intensively.
The temperature increment in the first period can be explained by the well-known good damping and poor Figure 9 . A blister on the neck surface of specimen (marked with an arrow) (a), and a cut specimen cross section with a graphene aggregate under the surface (marked with an arrow) (b). thermal conductivity of PA 6. At around glass transition temperature, the mobility of molecules increases, and that means heat can be transported more effectively from the critical areas, as a result nearly constant temperature can be achieved. This process was not observed at higher load levels because of the higher amplitudes, and this larger deformation generated more heat, i.e. faster temperature increment, therefore faster failure processes were detected (Figure 5a ). From the aspect of temperature increase, the presence of the nanoparticles did not change the values but the failure process was slightly longer (Figure 5b) .
The temperature increment in basalt fiber reinforced composites was also observed but when compared to the neat matrix or the nanocomposites, it was less remarkable (Figure 6 ). At the moment of failure, temperature suddenly increases since during crack propagation the energy stored in the elastic deformation components is released, and a new surface is created with its help. This process involves a considerable heat release. In case of hybrid composites with 0.25 wt% GnP content, the temperature as a function of cycle number did not change compared to the case of microcomposites at the same load levels. Similar to the nanocomposites, the failure process was also longer in case of hybrid materials (Figure 6b) . The same tendency was observed in case of hybrids with higher nanoparticle content.
For nanocomposites the cycle number connected to failure significantly decreased as nanoparticle content increased (Figure 7a and Table 3 ). This effect can be explained by the imperfect nanoparticle dispersion that is also revealed by the tensile investigations (Figure 1a ). The elongation of specimens during fatigue tests was smaller at low graphene contents compared to the values measured in case of neat polyamide 6 ( Figure 7b ). The effect was more outstanding for the nanocomposite with 0.25 wt% GnP content, where the measured values were only fractions of the elongation of the reference material. This means that cyclic creep decreased, a very important feature from an engineering design point of view. This effect correlates with our previous results where graphene increased the modulus of elasticity of composites and decreased the residual deformation at wide range of tensile loads. 37 During fatigue tests of the graphene containing monocomposites the appearance of necking was the visible proof that the structure of the specimen drastically changed, thus the specimen reached its fatigue life. During the test the temperature increment was uniform in the whole specimen (Figure 8a) , until it reached the final part of the fatigue life. In this period, the temperature increased in the area where the later necking started. Figure 8(b) shows that before necking in a smaller region the temperature increased compared to the other part of the specimen.
After the test at this region some blisters on the neck surface were observed (Figure 9a ). At the blisters the specimens were cut with a sharp blade and the cross sections were investigated with SEM ( Figure 9b ). Under the examined surface of different samples relatively large graphene aggregates were found. This means that large aggregates are the starting points of the failure process which were initialized by the higher deformations around this particle.
At low graphene contents, the hybrid composites showed better fatigue properties compared to the reference basalt fiber monocomposite beside relatively low standard deviations. At 0.25 wt% graphene content 30% increment was experienced in the cycles to failure values at every load level (Figure 10a and Table 3 ). Over 0.5 wt% graphene content this positive effect was not found any more. At 0.25 wt% graphene content, besides the increment in the survived cycles, remarkable decrement in the cyclic creep values was revealed ( Figure 10b and Table 3 ).
To shed light on the structural causes of the enhanced fatigue life, the fracture surfaces were investigated by SEM. The evolved surfaces of hybrid composites were similar to that of basalt fiber reinforced composites as in the case of all composite types the fracture surfaces can be divided into a micro ductile and a micro brittle part. Figure 11 shows these two parts in case of PA 6/30 BF and hybrid composite with 0.25 wt% GnP content. Based on the results, it can be stated that crack propagation during fatigue tests was very similar in case of both material types, as it is also written by Horst and Spoormaker. 23 Firstly, the cracks appear at the end of fibers because they are stress concentration points, then the crack grows along fibers, and finally these areas of failure connect to each other and create voids. This tough breakage is dominant until a critical size is reached, when the test ends with a sudden and catastrophic rigid breakage. The presence of graphene did not change the failure process itself but it may slow down crack propagation. This phenomenon can be explained by better load distribution effect of the nanoparticles.
Conclusions
In this study, PA 6 matrix nano and hybrid composites were extruded followed by injection molding. The tensile test results showed that the presence of graphene did not change the mechanical properties of composites significantly; however, in case of hybrid composites with low graphene contents some increment in Young's modulus was exhibited. During low-cycle fatigue tests of nanocomposites with graphene content, significant decrements in the fatigue life were observed. This can be explained by the high number of graphene aggregates that are observed in the SEM pictures of the cut surfaces of the specimens. In spite of the improper dispersion in nanocomposites with 0.25 wt% GnP content, the cyclic creep decreased significantly compared to the value of neat PA 6. A similar favorable effect was revealed in case of hybrid composites with 0.25 wt% GnP content, but in this case a remarkable increment in fatigue life was also exhibited at all applied load levels compared to the basalt fiber monocomposite.
